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a b s t r a c t
We have studied the morphology and the spatially resolved photoluminescence of rubrene thin ﬁlms at
the early stage of crystallization. The initial growth proceeds via the formation of a wetting layer and the
nucleation of islands with an amorphous structure. Crystallization starts when the amorphous islands
coalesce and needle like crystalline ﬁbers are formed in the gap between islands. The crystalline ﬁbersvailable online 18 December 2010
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luorescence microscopy
then grow on top and in between the original amorphous islands leading to an “open network” of islands.
The latter acts as the basis for the growth of semi-crystalline spherulites.
© 2010 Elsevier B.V. Open access under CC BY-NC-ND license. pitaxial growth
ubrene
. Introduction
Increasing scientiﬁc and technological interest is devoted to
rganicmaterials for their promising applications in optoelectronic
evices such as organic ﬁeld effect transistors (OFETs) [1,2], light-
mitting diodes (OLEDs) [3,4], and photovoltaic cells [5]. Because
f the favorable overlapping of the -orbitals of the adjacent
olecules, rubrene (C42H28, 5,6,11,12-tetraphenyltetracene) con-
titutes one of the most promising candidates for the realization
f high performance OFETs. Indeed, OFETs based on rubrene sin-
le crystals exhibit a very high carrier mobility [6,7]. On the other
and, it is still a great challenge to fabricateOFETs based on rubrene
hin ﬁlms with satisfying electronic properties by organic molec-
lar beam deposition (OMBD) [8,9]. Käfer et al. have shown that
he different molecular conformation in gas (nonplanar) and bulk
hase (planar) results in a disordered seed layer on the substrate
hich impedes the growth of ordered thin ﬁlms [10]. Accordingly,
he growth of crystallites with a bulk structure can occur only
t particular nucleation sites [10]. Progress has been achieved in
mproving the crystallinity of rubrene thin ﬁlms by deposition on
rganic single crystal substrates [11] or inorganic substrates pre-
overed by organic layers [12], deposition on passivation layer of
elf-assembled octadecyltrimethylsilane on silica [13], prolonged
nnealing of amorphous thin ﬁlms in vacuum [14,15] and by using
ot-wall epitaxy (HWE) [16,17].However, adetailedunderstanding
f thegrowthmechanism is stillmissing. It is thus very important to
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Open access under CC BY-NC-ND license. study the growth, especially at its initial stage. It is well known that
the crystallinity of rubrene not only inﬂuences its electronic perfor-
mance but also its optical properties [14,15,18–23]. Characteristic
photoluminescence (PL) spectra have been reported for amorphous
[14] and crystalline phases of rubrene [18,19], respectively. Partic-
ularly, it has been demonstrated that the PL spectrum can be used
as a sensitive probe for the transformation of thin rubrene ﬁlms
from the amorphous to the polycrystalline phase [15].
In the present study, we have investigated the morphology and
PL emission of rubrene thin ﬁlms deposited on muscovite mica
(001) substrates by HWE using a combination of atomic force
microscopy (AFM), ﬂuorescence microscopy (FM) and laser scan-
ning confocal microscopy (LSCM). Special attention was devoted to
the initial stage of crystallization in rubrene thin ﬁlms. The spatially
resolved PL emissionmeasured by LSCMallows us to determine the
location and the onset of crystallization.
2. Experimental
Rubrene thin ﬁlms were deposited on the (001) surface of mus-
covitemica using hot-wall epitaxy (HWE) [24]. Themica substrates
were cleaved in air and then transferred into a vacuum chamber
with a base pressure of 10−6 mbar. Before rubrene deposition, the
substrate was thoroughly degassed by heating for 30min at 150 ◦C
in vacuum. During deposition, the substrate was kept at 150 ◦C,
while the source and wall temperature was 160 ◦C. AFM measure-
mentswereperformedwith aVeecoDimensions S3100microscope
with super sharp silicon tips (Nanosensors SSS-NCHR-50) operated
in tapping mode. Fluorescence microscopy was performed with an
inverted microscope (Nikon Eclipse Ti) using a Hg lamp for illumi-
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Fig. 1. Fluorescence images recorded from ultrathin rubrene ﬁlms on mica. The two
anels show the same 130m wide area but with the polarization of the ﬂuores-
ence signal oriented along two orthogonal directions as indicated by the arrows in
he images.
ation. The excitation wavelength can be selected within a wide
ange from UV to red by using different ﬁlter cubes. Fluorescence
mages were acquired with an electron multiplying CCD camera
Luca EMCCD from Andor Technology). In order to investigate the
olarization state of the ﬂuorescence signal, a beam splitter (Cairn
esearch Optosplit II), which allows dual polarisation imaging, was
ttached in front of the camera. For acquiring the PL spectrum from
he ﬁeld of view of the microscope, a high-resolution spectrometer
HR4000 from Ocean Optics) can be attached to the eyepiece of the
icroscope. Furthermore, aNikonEclipseC1si confocalmicroscope
ystem equipped with a spectrometer using 32 channel photo-
ultiplier tube detectors was used to record spatially resolved PL
pectra.
. Results and discussion
Fig. 1 shows the ﬂuorescence image of rubrene grown on the
001) surface of muscovite mica. A medium band blue excitation
lter (Nikon B-2A, excitation wavelength 390–450nm) was used
or the experiment. The image shows that the surface is covered
y islands with an average size of about 3m and an average
eight of about 300nm. The islands are distributed homogeneously
n large terraces over most of the substrate area. From the eye-
iece, one can see clearly that the emission of these islands is green
nder irradiation with blue light. Although the shape of the islands
s not really uniform, no preferential orientation of the island is
bserved. Besides, the top and bottom panels in Fig. 1, which are
aken from the same area but with polarization along two orthogo-
al directions asmarked by the arrows, showequal intensities. This
bservationdemonstrates that the rubrenemolecules in the islands
re randomly oriented, suggesting an amorphous structure of the
slands. Indeed, the corresponding PL spectrum plotted in Fig. 2
s very close to that of amorphous rubrene thin ﬁlms reported by
ark et al. [14,15], characterized by a broad peak around 560nm.
asedon theunpolarizednatureof theemissionand its spectral line
hape, we can conclude that the structure of the islands shown in
ig. 1 is amorphous. This conclusion fully agrees with the results ofFig. 2. Spatially integrated PL spectra recorded from the images presented in Fig. 1
(solid line) and Fig. 3a (dashed line), respectively.
transmission electronmicroscopy (TEM) and transmission electron
diffraction (TED) measurements obtained from samples prepared
under similar conditions [25]. Thin ﬁlms with similar morphology
and structure have also been observed before the onset of crystal-
lization [12,13,26–29]. The not completely round appearance of the
islands is characteristic of the very late stage of amorphous growth
[29].
In addition to the typical image presented in Fig. 1, occasionally,
areas with different morphology and emission properties can be
found on the same sample. Fig. 3a shows such an area containing
an open network of islands which emits yellow light. Indeed, the
corresponding PL spectrum measured from the same area reveals
additional emission features peaked at 570nm and 645nm (Fig. 2).
In fact, on single crystal rubrene samples, PL emission at the same
wavelengths has been reported. According to Mitrofanov et al., the
570nm and 645nm features are contributed by the emission from
crystalline rubrene and its oxidation state, respectively [18,19]. The
central area of the network structure shows a particularly strong
emission at these wavelengths with some degree of polarization.
To have a closer look at the network structure, the area surrounded
by white frame in Fig. 3a was imaged using an objective with larger
magniﬁcation (60×) and the result is presented in Fig. 3b. In this
ﬁgure one can clearly see that the yellow islands are those covered
andconnectedbystronglyemittingﬁbers. Besides, it is theemission
from these ﬁbers which shows a dependence on the polarization.
The morphology of the islands and the ﬁbers on top of them can be
seen more clearly in Fig. 3c, which displays an AFM image recorded
from the area marked by the white frame in Fig. 3b. Comparing
Fig. 3b with Fig. 3c, it is evident that the islands which emit yellow
light are those covered by ﬁbers. The thick ﬁbers located in the cen-
tral area of the network exhibit sharp and straight edges indicating
a crystalline structure. The line proﬁle taken from the AFM image
in Fig. 3c along the line AB is plotted in the same ﬁgure. From this,
the cross-sectional proﬁle of the ﬁbers can be resolved, yielding a
height of about 50nm and a width of around 250nm. Most impor-
tantly, from the morphology revealed by AFM and the spectral
emission detected by ﬂuorescence microscopy, we conclude that
the ﬁbers are crystalline rather than amorphous. Consequently, the
open network of yellow islands observed here can be assigned to
the initial stage of growth ofmicrocrystalline rubrene ﬁlms. Similar
structures havebeen reported recently bydifferent authors [13,25].
Particularly, Djuric et al. have investigated samples prepared under
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Fig. 3. (a) Polarization state resolved ﬂuorescence images. (b) Zoom into the area
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tndicated by thewhite frame in (a). The different polarization states in (a) and (b) are
ndicated by the white arrows. (c) AFM image recorded from the area surrounded
y the white frame in (b). The cross-sectional line proﬁle between points A and B is
lotted in the lower left corner.
imilar conditions using transmission electron microscopy (TEM)
nd transmission electron diffraction (TED). Their TEM images
how a similar morphology as Fig. 3c. Furthermore, the corre-
ponding TED pattern reveals that these ﬁbers crystallize in an
rthorhombic structure [25]. Due to the vrey similar appearance
evealed by AFM in this study and TEM by Djuric et al. [25], we
elieve that the rubrene ﬁbers observed in the current study have
he same well orientated crystalline structure.
To study the evolution of the morphology and its inﬂuence on
he PL emission, LSCM was used to image selected areas from theFig. 4. (a) LSCMimage taken fromanareadominatedbyamorphous rubrene islands.
(b) LSCM image of islands connected by crystalline ﬁbers. A blue laser with a wave-
length of 477nm was used for excitation.
same sample. Fig. 4a and b shows LSCM images recorded from
different areas of the same sample. A 473nm laserwas used as exci-
tation source and the PL signal was detected with the 32 channel
spectrometer. The color of the images thus reﬂects the true emis-
sion spectrum. As discussed before, the surface is predominantly
covered by small rubrene islands emitting green light (Fig. 4a),
which is characteristic of the amorphous nature of these islands.
Thanks to the enhanced resolution of LSCM, one can discern in
Fig. 4a some examples where yellow needles appear in the gap
between two coalescing islands. Taking yellow emission as a sig-
nature of crystallinity, the yellow needles can be identiﬁed as the
nucleation centers of crystalline rubrene. Käfer et al. have argued
that the nuclei of rubrene crystalline phase only forms after the
growth of an amorphous layer with large nominal thickness [10].
Indeed, our results show that the nucleation of crystalline struc-
tures only sets in when the amorphous rubrene islands start to
coalesce. In addition, our microscopic study reveals that the nuclei
are needle-like crystalline ﬁbers, which initially appear in the gaps
between the coalescing islands.
Indeed, in Fig. 4b, one can see the network of islands covered
and linked by these crystalline ﬁbers. Local PL spectra measured
from the areas between the islands (area 1), on top of a bare island
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[ig. 5. (a) Local PL spectra recorded from the areas 1, 2, 3, 4 marked in Fig. 5b. (b)
omparison between the PL spectrum of a thick crystalline ﬁber (area 4) and the
ormalized difference of the PL intensities within areas 3 and 2 in Fig. 4b.
area 2), on top of an island covered by ﬁbers (area 3) and a thick
ber (area 4) are plotted in Fig. 5a. In areas 1, 2 and 3, the spectra
re dominated by the emission at 540 nm. In contrast, the thick
ber in area 4 shows two well developed emission peaks at 570nm
nd 640nm characteristic of crystalline rubrene. Therefore, in full
greement with what we have concluded before, the islands and
he areas in between them are in an amorphous state, whereas the
bers are crystalline. The fact that the areas between the islands
resent the same PL spectrum as the islands themselves, indicates
he presence of an amorphous wetting layer. A closer look at the
mission spectrum of area 3, corresponding to an island covered
y ﬁbers, reveals that the intensity at wavelengths above 550nm is
omparatively higher than that emitted from area 1 or 2. This effect
an be seen more clearly in Fig. 5b, where the normalized differ-
nce 2× ((I3 − I2)/(I3 + I2)) of the PL intensity of area 3 and area 2
s plotted. The line shape of the normalized difference is similar to
hat of the PL spectrum of area 4 (also shown in Fig. 3b for com-
arison). Consequently, the enhanced emission above 550nm from
rea 3 can be attributed to the emission from the crystalline ﬁbers
n top of the islands which, themselves, remain amorphous.
. Conclusion
We have studied the morphology and the spatially resolved PL
pectrum of rubrene ﬁlms grown by hot wall epitaxy on the mica
001) surface. At ﬁrst, amorphous islands on top of an amorphous
etting layer are formed upon deposition. The nucleation of crys-
alline structures sets in when the amorphous rubrene islands start
o coalesce and needle-like crystalline ﬁbers appear in the gaps
[
[
[tals 161 (2011) 271–274
between the coalescing islands. Later, the crystalline ﬁbers spread
out and connect the amorphous islands, leading to the formation
of a crystalline open network which could be the early stage of
the semi-crystalline spherulite growth [13]. The latter develops by
consumption of the surrounding amorphous rubrene at the growth
front [13,29,30].
Acknowledgements
We are grateful for ﬁnancial support by the Austrian Science
Fund (FWF) and the Austrian Ministry of Science and Research
(BMWF).
References
[1] C.D. Dimitrakopoulos, P.R.L. Malenfant, Adv. Mater. 14 (2003) 99.
[2] M. Muccini, Nature Mater. 5 (2006) 605.
[3] M.A. Baldo, D.F. O’Brien, Y. You, A. Shoustikov, S. Sibley, M.E. Thompson, S.R.
Forrest, Nature 395 (1998) 151.
[4] L.S. Huang, C.H. Chen, Mater. Sci. Eng. Rep. 39 (2002) 143.
[5] P. Peumans, A. Yakimov, S.R. Forrest, J. Appl. Phys. 93 (2003) 3693.
[6] V. Padzorov, E. Menard, A. BorissovMitrofanov, D.V. Lang, C. Kloc, M.J. Wirk-
berg, T. Siegrist, W.-Y. So, M.A. Sergent, A.P. Ramirez, Phys. Rev. Lett. 97 (2006)
166601.
[7] V.C. Sundar, J. Zaumseil, V. Padzorov, E. Menard, R.L. Willett, T. Someya, M.E.
Gershenson, J.A. Rogers, Science 303 (2004) 1644.
[8] H.H. Fong, S.K. Sham, C.F. Lo, Y.S. Wu, C.H. Chen, Chem. Phys. 298 (2004) 119.
[9] S. Seo, B.N. Park, P.G. Evans, Appl. Phys. Lett. 88 (2006) 232114.
10] D. Käfer, L. Ruppel, G. Witte, Ch. Wöll, Phys. Rev. Lett. 95 (2005) 166602.
11] M. Campione, J. Phys. Chem. C 112 (2008) 16178.
12] M. Haemori, J. Yamaguchi, S. Yaginuma, K. Itaka, H. Koinuma, Jpn. J. Appl. Phys.
44 (2005) 3740.
13] C.H. Hsu, J. Deng, C.R. Staddon, P.H. Beton, Appl. Phys. Lett. 91 (2007) 193505.
14] S.-W. Park, J.M. Hwang, J.-M. Choi, D.K. Hwang, M.S. Oh, J.H. Kim, S. Im, Appl.
Phys. Lett. 90 (2007) 153512.
15] S.-W. Park, S.H. Jeong, J.-M. Choi, J.M. Hwang, J.H. Kim, S. Im, Appl. Phys. Lett.
91 (2007) 033506.
16] D. Käfer, G. Witte, Phys. Chem. Chem. Phys. 7 (2005) 2850.
17] Y. Chen, I. Shih, Appl. Phys. Lett. 75 (2009) 2039.
18] O. Mitrofanov, D.V. Lang, C. Kloc, M.J. Wirkberg, T. Siegrist, W.-Y. So, M.A. Ser-
gent, A.P. Ramirez, Phys. Rev. Lett. 97 (2006) 166601.
19] O. Mitrofanov, C. Kloc, T. Siegrist, D.V. Lang, W. So, A.P. Ramirez, Appl. Phys.
Lett. 91 (2007) 212106.
20] T. Petrenko, O. Krylova, F. Neese, M. Sokolowski, New J. Phys. 11 (2009) 015001.
21] M. Kytka, A. Gerlach, F. Schreiber, J. Kovac, Appl. Phys. Lett. 90 (2007)
131911.
22] M. Kytka, L. Gisslen, A. Gerlach, U. Heinemeyer, J. Kovac, R. Scholz, F. Schreiber,
J. Chem. Phys. 130 (2009) 214507.
23] S. Tavazzi, A. Borghesi, A. Papagni, P. Spearman, L. Sillvestri, A. Yassar, A. Cam-
poseo, M. Polo, D. Pisignano, Phys. Rev. B 75 (2007) 245416.
24] D. Stifter, H. Sitter, Appl. Phys. Lett. 66 (1995) 284.
25] T. Djuric, A. Thierry, W. Grogger, Sh.M. Abd Al-Baqi, H. Sitter, R. Resel, Phys. E
41 (2009) 1718.
26] Y. Luo, M. Brun, P. Rannou, B. Grevin, Phys. Stat. Sol. (a) 204 (2007) 1851.
27] P.R. Ribicˇ, G. Bratina, J. Phys. Chem. C 111 (2007) 18558.
28] S. Kowarik, A. Gerlach, S. sellner, F. Schreiber, J. Pﬂaum, L. Cavalcanti, O. Kono-
valov, Phys. Chem. Chem. Phys. 8 (2006) 1834.
29] G. Hlawacek, Sh.M. Abd Al-Baqi, X.M. He, H. Sitter, C. Teichert, Springer Proc.
Phys. 129 (2009) 55.
30] S.W. Park, J.M. Choi, K.H. Lee, H.W. Yeom, S. Im, Y.K. Lee, J. Phys. Chem. B 114
(2010) 5661.
